The regulation of gene expression through alternative pre-mRNA splicing is common in metazoans and is often controlled by intracellular signaling pathways that are important in cell physiology. We have shown that the alternative splicing of a number of genes is controlled by membrane depolarization and Ca 2؉ /calmodulin-dependent protein kinase IV (CaMKIV) through CaMKIV-responsive RNA elements (CaRRE1 and CaRRE2); however, the trans-acting factors remain unknown. Here we show that the heterogeneous nuclear ribonucleoprotein (hnRNP) L is a CaRRE1 binding factor in nuclear extracts. An hnRNP L high affinity CA (cytidine-adenosine) repeat element is sufficient to mediate CaMKIV and hnRNP L repression of splicing in a location (3-splice site proximity)-dependent way. Depletion of hnRNP L by RNA interference followed by rescue with coexpressed exogenous hnRNP L demonstrates that hnRNP L mediates the CaMKIV-regulated splicing through CA repeats in heterologous contexts. Depletion of hnRNP L also led to increased inclusion of the stress axis-regulated exon and a CA repeat-harboring exon under depolarization or with activated CaMKIV. Moreover, hnRNP L binding to CaRRE1 was increased by CaMKIV and, conversely, was reduced by pretreatments with protein phosphatases. Therefore, hnRNP L is an essential component of CaMKIV-regulated alternative splicing through CA repeats, with its phosphorylation likely playing a critical role.
Alternative pre-mRNA splicing allows the generation of multiple protein isoforms from a single transcript, contributing greatly to proteomic complexity (1) (2) (3) (4) (5) (6) . It is essential for normal cell function, and aberrant splicing is implicated in the development of human genetic diseases (7, 8) . Many alternative splicing events can be regulated by cell signals and may play important roles in cell physiology (9 -11) . However, little is known of the essential molecular components between cell signals and the splicing machinery.
Alternative splicing in mammalian systems is often controlled by multiple cis-acting regulatory elements in introns and exons (1, 12) . These elements are mostly bound by transacting protein factors and in some cases by small nucleolar RNA (13) or form RNA secondary structures (14) . The transacting factors are thought to control the assembly of constitutive splicing components to the target splice sites. For cell signal control of alternative splicing, RNA elements and trans-acting factors have been identified in several systems (9, 10, (15) (16) (17) (18) (19) (20) (21) (22) (23) .
CA repeats are the most abundant and highly polymorphic dinucleotide repeats in the human genome. They are widely used in genetic linkage analyses (24) , and their instability is characteristic of the mutator phenotype of cells defective in DNA repair genes (25) . Recent studies indicate that long (Ն19 repeats) or short clustered CA repeats in downstream introns are constitutive enhancers or repressors depending on their proximity to the 5Ј-splice site (26, 27) . These effects are mediated by the heterogeneous nuclear ribonucleoprotein (hnRNP) 2 L and/or its homologue hnRNP LL (hnRNP L-like), splicing factors implicated in the regulation of a number of alternative exons (22, 23, 26 -33) .
Membrane depolarization and activated Ca 2ϩ /calmodulindependent protein kinase IV (CaMKIV) control the alternative inclusion of many exons (11, 34) , including stress axis-regulated exon (STREX) of the Ca 2ϩ /voltage-sensitive Slo potassium channel gene (35, 36) . This control is through distinct CaMKIV-responsive RNA elements (CaRRE1 and CaRRE2) or the UAGG motif (11, 16 -19) . Particularly, the CaRRE1 contains CA dinucleotide repeats as well as other nucleotides that are critical for the CaMKIV effect on splicing (18, 19) , but the CaRRE1-binding factor(s) is unknown. In this report we identified hnRNP L as a CaRRE1 binding factor and examined its role in the CaMKIV-regulated splicing.
EXPERIMENTAL PROCEDURES
Plasmid Construction-Splicing reporter or mutant plasmids were made using PCR with Pfu DNA polymerase and inserts confirmed by sequencing. DUP175, DUP175ST, CaMKIV-dCT (IV), CaMKIV-dCTK75E (IVm), and protein kinase A plasmids are as described previously (16, (37) (38) (39) (40) . The hnRNP L-FLAG expression plasmid was provided by Drs. Peter Stoilov and Stefan Stamm, and His-YB-1 was from Dr. Thomas Cooper.
The oligonucleotides used for the hnRNP L shRNA are: forward strand (hnRNP L sense sequence underlined) 5Ј-tccctcccaagattaaccttcacttcaagagagtgaaggttaatcttggga-3Ј; 5Ј-aaaatcccaagattaaccttcactctcttgaagtgaaggttaatcttggga-3Ј (reverse strand). To make shRNA expression plasmid, the two complementary oligos were annealed in a heating block after denaturation, phosphorylated at 37°C, and inserted into the BbsI sites of the plasmid siRNA [H1.4]-R vector (provided by Dr. Owen N. Witte) (41) . The shRNA expression cassette, driven by the human H1 promoter, was then cut off by XbaI and cloned into FG12 (42) . The resulting construct was confirmed by XhoI digestion and DNA sequencing. FG12 also carries a green fluorescent protein reporter gene driven by an internal ubiquitin-C promoter (42) .
Cell Culture and Transfection-HEK293T cells were cultured in Dulbecco's modified Eagle's medium with 10% of newborn calf serum and rat GH 3 pituitary cells in F10 nutrient mixture (Invitrogen) with 10% of horse serum plus 2.5% of fetal bovine serum.
Transfections of overnight HEK293T cultures were performed with Lipofectamine 2000 (Invitrogen) according to the supplier's procedure. For the HEK293T cells in 24-well plates, 0.1 g of splicing reporter minigene plasmid and 0.3 g of another plasmid including CaMKIV-dCT (IV), CaMKIVdCTK75E (IVm), or hnRNP L-FLAG were used.
RNA Interference-Vesicular Stomatitis Virus Glycoproteinpseudotyped lentiviral vectors were produced by calcium phosphate-mediated transfection of HEK293T cells as described previously (43) . In brief, 2 ϫ 10 7 HEK293T cells were transfected with 5 g of pHCMVG, 12.5 g of pCMV⌬R8.2DVPR, and 12.5 g of the lentiviral plasmids. Culture supernatant was collected on days 2 and 3 post-transfection, pooled, and filtered through a 0.22-m filter. Viral supernatant was further concentrated 100 times by ultracentrifugation at 17,000 rpm for 90 min. Titers of the concentrated virus were determined by enhanced green fluorescent protein expression in transduced HEK293T cells. For transduction, HEK293T cells were plated at a density of 6 ϫ 10 4 cells per well in a 24-well plate (Falcon) on day 1. On day 2, 25 l of lentivirus stock (titer ϳ1 ϫ 10 8 units) was mixed with 225 l of Dulbecco's modified Eagle's medium (Invitrogen) then with 2.0 l of Polybrene (1 g/l), gently vortexed, allowed to sit at room temperature for 5 min, incubated at 37°C for 10 min, and then pipetted onto the cells. The cells were then incubated with the virus supernatant at 37°C, 5% CO 2 for 2.5-3.0 h before fresh media were supplied. On day 3 the cells were infected again as on day 2 and transferred into a 6-well plate. On day 5, the cells were cotransfected with 0.5 g of splicing reporter minigene plasmids and 1.5 g of CaMKIVdCT or CaMKIV-dCTK75E plasmid. On day 6, the cells were harvested for Western blots (with anti-hnRNP L 4D11, Santa Cruz Biotechnology) and semi-quantitative reverse transcription (RT)-PCR assay. For transduction of GH 3 cells, similar procedures were followed.
RT-PCR-HEK293T cells were harvested 18 -22 h after transfection. Cytoplasmic RNA of HEK293T or total RNA of GH 3 cells was extracted using GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich). RT-PCR was performed as previously described (16) , except that about 400 ng of HEK293T cytoplasmic RNA or GH 3 total RNA was used for 10 l of reverse transcription reaction. PCR reaction of splicing reporters was performed with forward primer DUP8a (5Ј-CTCAAACAGA-CACCATGCATGG-3Ј) and reverse primer DUP1 (5Ј-GCAGCTCACTCAGTGTGGCA-3Ј) for 25 cycles. Products were resolved in 2.5% agarose gels with ethidium bromide, visualized, and documented with a digital camera under UV. For hot PCR of endogenous genes of GH 3 cells with a 32 P-labeled primer, 1 l of the reverse transcription product was used for 25 cycles. The PCR products were resolved in 5% polyacrylamide, 7.5 M urea gels, which were dried, exposed, and scanned by phosphorimaging (Bio-Rad). The percentage of the middle exon-included product is expressed as the percent band intensities relative to the total of exon-included and -excluded products. The band intensities of the agarose gels were not calibrated for product lengths.
Nuclear Extract Preparation-HeLa nuclear extracts were prepared on a 5-liter scale (44) . Nuclear extracts of HEK293T or GH 3 cells were made in a smaller scale (45) . Briefly, for the small scale preparation, 3-day cultures in 2-3 dishes of 150 mm in diameter were phosphate-buffered saline-washed three times, resuspended in 5ϫ cell pellet volume of ice-cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.4% IGEPAL, 0.2 mM EDTA, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol, 1.0 mM phenylmethylsulfonyl fluoride, 1/1000 protease inhibitor mixture), and left on ice for 10 min. Then the nuclei were pelleted at 10,000 rpm for 1 min, resuspended in buffer B (20 mM HEPES, pH 7.9, 25% glycerol, 0.2 mM EDTA, 1.5 mM MgCl 2 , 0.42 M NaCl, 1.0 mM dithiothreitol, 1.0 mM phenylmethylsulfonyl fluoride, 1/1000 protease inhibitor mixture) with shaking for 2 h and centrifuged at 13000 rpm for 5 min. The resulting supernatant was saved as nuclear extracts and diluted 2-3 times before use in DG buffer (20 mM HEPES-KOH, pH 7.9, 20% glycerol, 80 mM potassium glutamate, 0.2 mM EDTA, 0.2 mM PSMF, 1.0 mM DTT) (44) . For HEK293T nuclear extracts expressing kinases or together with hnRNP L-FLAG, 5.0 g of CaMKIVm or CaMKIV or 1.5 g of hnRNP L-FLAG plus 3.0 g of CaMKIV plasmids were transfected into a well of cells grown in 6-well plates using Lipofectamine 2000.
UV Cross-linking and Immunoprecipitation-DNA templates of RNA transcripts were made from splicing reporter plasmids by PCR with T7 promoter-tagged primers. RNA probes were made with T7 RNA polymerase in in vitro transcription (46) . The wild type RNA probe sequences (CA repeat elements underlined) are: CaRRE1 (DUP175ST upstream 3Ј-splice site), gaagacucuuggguuucugauagggcccuugccauuaaccgcgcucuuccucuccucccauccaaccacaugguuauagGCUGCUGGUG-GUCUACCCUUGGACAGCUUGCUUACAUUUGCUUCUG-ACACAACUGUGUUCACUAGCAACCUCAAACAGACAC-CAUG; L3, gagacucuuggguuucugauagggcccacugacucucucugccuauuggucuauuuucccacccuuagGCUGCUGGUGAUACAU-GACACACACACGCA; GALNT11, cuauuuucccacccuuagAC-ACAGCCCACACACGCAUUGGACAGCUUGCUUACAU-UUGCUUCUGACACAACUGUGUUCACUAGCAACCUC-AAACAGACACCAUG; PTEN2, cuauuuucccacccuuagCCCA-CACACAAUCUACCCUUGGACAGCUUGCUUACAUUUGC-UCUGACACAACUGUGUUCACUAGCAACCUCAAACAG-ACACCAUG.
UV cross-linking was performed similarly as described (47 (48) , or control antibodies (U2AF65, Sigma-Aldrich, or hnRNP F/H, Santa Cruz) at 4°C for 4 h with rotation, and washed 5 times with 1 ml of RIPA buffer. Then 10 l of the beads in 200 l of RIPA buffer was incubated with 3-8 volumes of UV crosslinking reactions with rotation at 4°C overnight. The beads were then washed 5 times with 1 ml of RIPA buffer (containing 150 mM NaCl). The resulting proteins were denatured in SDS loading buffer at 95°C for 5 min and resolved in 4 -20% or 8% SDS-polyacrylamide gels, which were dried, exposed, and scanned by phosphorimaging (Bio-Rad).
Pretreatment of nuclear extracts (about 40 g) with phosphatases were carried out in -protein phosphatase (-PPase) buffer lacking the detergent Brij 35 (-PPase 1ϫ reaction buffer, New England Biolabs) or calf intestinal alkaline phosphatase (CIAP) buffer (1ϫ dephosphorylation buffer, Invitrogen) with 600 units of -PPase or 10 units of CIAP at 30°C for 30 min or 37°C for 20 min, respectively. Under this condition, we found that the phosphatases efficiently reduced the 32 P-labeled nuclear extract proteins without disrupting subsequent UV cross-linking. In vivo labeling of proteins with [ 32 P]orthophosphoric acid was carried out as described previously (40) .
RESULTS

hnRNP L Is a CaRRE1
Binding Factor-To identify the protein factor(s) binding to the CaRRE1 element of the STREX exon, we carried out a UV cross-linking assay with the upstream 3Ј-splice site of the middle exon of the splicing reporter DUP175ST (Fig. 1) , which harbors the CaRRE1 (16). In HeLa nuclear extracts the wild type RNA transcript was cross-linked mainly to three protein bands of about 55, 65, and 110 kDa, respectively ( To examine the CaRRE1-binding proteins in depolarized cells, we carried out a similar UV cross-linking assay with nuclear extracts prepared from non-treated or KCl (50 mM)-depolarized GH 3 cells (Fig. 1B) . The pattern of the cross-linked major bands was similar to that in HeLa and HEK293T nuclear extracts. Interestingly, the ratio of the 65-and 55-kDa bands appears increased by about 10% upon depolarization (compare lanes 1 and 2 and the graph on the right). The cross-linked 65-kDa products was immunoprecipitated by anti-hnRNP L as well (lanes 3 and 4) but not by anti-hnRNP F/H (lane 5) or anti-hnRNP LL (lanes 6 and 7). Taken together with the previous finding that hnRNP L selectively binds CA repeat elements and controls alternative splicing (26, 27) , these data suggest that hnRNP L is a CaRRE1 binding factor.
An hnRNP L High Affinity CA Repeat Element Is Sufficient to Mediate CaMKIV-and hnRNP L Repression of Splicing in a
Location-dependent Way-To isolate the role of hnRNP L and CA repeats from the influence of non-CA nucleotides of CaRRE1, we tested the effect of known hnRNP L binding simple (lanes 3-5) or eight times (lanes 6 and 7) of the cross-linked nuclear extracts were used for immunoprecipitation. Right, a bar graph of the ratio of hnRNP L/p55Ј (mean Ϯ S.E.) in GH 3 nuclear extracts from non-treated or KCl-treated cells, with the p value and number of samples indicated (Student's t test, paired non-treated and KCl-treated samples). C, specificity of the antibodies used against hnRNP L or LL in the experiments. The same blot of a GH 3 nuclear extract was probed with hnRNP LL and hnRNP L antibodies, respectively, and aligned side by side with molecular markers. The hnRNP LL band is clearly lower than hnRNP L. *, a nonspecific band common for the anti-L, -LL, and -PTB antibodies (as seen in lanes 5-7 in A).
CA repeats in CaMKIV-regulated splicing. We first replaced 17 nt of the CaRRE1 with a high or low affinity sequence of hnRNP L (27) to make splicing reporters L1 and L1m (Fig. 2) . These reporter plasmids were each cotransfected with constitutively active CaMKIV-dCT (IV) or kinase-dead mutant (CaMKIVdCTK75E, IVm) into HEK293T cells, and inclusion of the middle exon was measured by semiquantitative RT-PCR (PCR for 25 cycles). Exon inclusion levels of both L1 and L1m reporters were similar to the DUP175ST when co-expressed with CaMKIVm (Fig. 2, lanes 1, 3, and 5) , suggesting that the 17-nt L1 and L1m elements here are not constitutive splicing silencers. However, when co-expressed with CaMKIV, exon inclusion levels of the L1 reporter were reduced by 18% (Fig. 2, compare lanes 3 and 4) , similarly as the CaRRE1 reporter DUP175ST (lanes 1 and 2) . In contrast, the L1m reporter did not respond to CaMKIV (lanes 5 and 6) . Thus, the hnRNP L high affinity CA repeat element can specifically replace CaRRE1 in response to CaMKIV.
To determine whether the L1 element is sufficient to mediate CaMKIV repression of exon inclusion outside of the 3Ј-splice site, we placed 20 nt of the original L1 sequence inside the middle exon or in the flanking introns of the CaMKIV-nonresponsive DUP175 (16, 37) and assayed its response to CaMKIV co-expression (Fig. 3A, reporters L2-L5 ). The middle exon was strongly repressed by CaMKIV only in the L3 reporter that contains the CA repeat in the exon nearby the upstream 3Ј-splice site (27% reduction, Fig. 3B , lanes 5 and 6) but not in any of the other reporters L2, L4, and L5 that contain CA repeats at other locations. Moreover, the repression was abolished by A to G mutations in the CA repeats (L3m, lane 8). In comparison to CaMKIV, coexpressed protein kinase A barely reduced the exon inclusion of the L3 reporter (lane 14). Therefore, the high affinity hnRNP L binding CA repeat element confers CaMKIV-specific repression of exon inclusion in a locationdependent way.
To determine whether hnRNP L is also able to repress exon inclusion through the CA repeats, we overexpressed hnRNP L-FLAG (L) with the vector DUP175 or the CA repeat-containing splicing reporters L1-L5 (Fig. 3C ) with YB-1 (Y), another splicing factor known to interact with A/C-rich elements (49), as a control. Similar to CaMKIV, hnRNP L-FLAG coexpression strongly repressed inclusion of the middle exon of reporters L1 and L3 (lanes 4 and 10) but not of DUP175, L2, L4, and L5 ( lanes  2, 8, 14, and 16) , neither of the CA repeat mutants (lanes 6 and  12) . In contrast, YB-1 coexpression did not change the splicing of any reporter (Y, odd-numbered lanes). Therefore, overexpressed hnRNP L specifically represses exon inclusion through the CA repeats, with the same location dependence as CaMKIV.
hnRNP L Mediates CaMKIV Repression of Splicing through the hnRNP L High Affinity CA Repeat Element Nearby the 3Ј-Splice Site-To determine whether hnRNP L is essential for the CaMKIV-regulated splicing, we examined the response of reporter L3 to CaMKIV without or with hnRNP L depletion by RNA interference (RNAi, Fig. 4 ). Exon inclusion of this L3 reporter was again reduced by CaMKIV in cells without hnRNP L depletion (Fig. 4A, lanes 1-4) . In contrast, when the endogenous hnRNP L was effectively depleted by RNAi (11% protein left, lane 5, compared with controls), the L3 reporter lost its response to CaMKIV (96% Ϯ 1.0 exon inclusion, n ϭ 4, lane 5). Importantly, coexpression of the exogenous hnRNP L-FLAG protein in the RNAi cells restored the CaMKIV repression of the middle exon inclusion (lane 6). Thus, the loss of CaMKIV repression of exon inclusion by RNAi is indeed due to the specific depletion of hnRNP L.
To confirm hnRNP L binding to the CA repeats as to the CaRRE1, we cross-linked RNA transcripts containing the CA repeats or its mutant with HeLa or HEK nuclear extracts. The wild type transcript was strongly cross-linked to an ϳ65-kDa protein (Fig. 4B, lanes 2 and 6) . Mutating A to G in the CA repeats almost abolished this protein band (lanes 3 and 7) . Importantly, this protein was specifically immunoprecipitated by the antibody against hnRNP L (L, lanes 4 and 8) but barely by the control anti-U2AF65 antibody (C, lanes 5 and 9) . Thus, hnRNP L interacts with the RNA probe in a CA repeat-dependent way. Taken together, the data from the RNAi/rescue and UV-cross-linking experiments (Fig. 4 ) strongly support hnRNP L as an essential factor mediating CaMKIV-regulated splicing through the hnRNP L highly affinity CA repeat element nearby the 3Ј-splice site.
hnRNP L Also Mediates CaMKIV-regulated Splicing through Short CA Repeats from Alternative Exons Nearby the 3Ј-Splice
Site-To determine whether shorter CA repeats from alternative exons other than the artificially selected hnRNP L high affinity sequence are also sufficient to mediate CaMKIV repression of exon inclusion, we examined several exonic (CA) [3] [4] elements of human alternative exons from the ASAPII data base (50) . Four elements with their flanking A/C-rich sequences were transferred to the same location of the DUP175 as in their endogenous exons and assayed for their responses to CaMKIV (Fig.  5A ). Three of four tested sequences caused CaMKIV reduction of exon inclusion, as examplified in gels for the GALNT11 and PTEN2 elements (Fig. 5A, lanes 1 and 2 and  lanes 5 and 6) . Importantly, mutations of the nucleotide A to G in the CA repeats abolished the responses to CaMKIV (lanes 3 and 4 and lanes  7 and 8) . Therefore, shorter CA repeat elements with adjacent A/Crich sequences nearby the 3Ј-splice site of alternative exons are also sufficient to mediate CaMKIV-regulated splicing.
Similar to that for the hnRNP L high affinity CA repeat element (Fig.  4B) , UV cross-linking and immunoprecipitation experiments indicate that hnRNP L binds the reporter RNA probes, and the CA repeats are critical (Fig. 5B) . Moreover, similar tests with the PTEN2 reporter in RNAi/rescue experiments also support hnRNP L as an essential factor in the CaMKIV-regulated splicing (Fig. 5C) . Therefore, hnRNP L also mediates CaMKIV-regulated splicing through the shorter CA repeats from endogenous alternative exons nearby the 3Ј-splice site. Taken together, the tests with hnRNP L high affinity CA repeats and the shorter ones from alternative exons strongly support that, at or in close proximity to the 3Ј-splice site, the simple CA repeats and hnRNP L are sufficient to confer CaMKIV response on an otherwise non-responsive heterologous gene.
RNA Interference of hnRNP L Expression Alters Endogenous Exon Inclusion and Response to Membrane Depolarization or
CaMKIV-To determine whether hnRNP L is essential for depolarization regulation of endogenous exons, we examined endogenous splice variants in GH 3 cells where we efficiently knocked down the hnRNP L protein with the specific shRNA as used in Figs. 4 and 5 (Fig. 6A, upper panel) . The rat alternative exons of the GALNT11 and PTEN2 genes do not contain the same CA repeats as their human homologues, and their alternative splicing was not detectable in this rat cell line; however, we were able to analyze the STREX exon of the Slo gene as in the previous report (16) . STREX inclusion was reduced from 33 to 18% by depolarization in cells without hnRNP L depletion (Fig.  6A, middle panel, lanes 1 and 2) , similarly as reported (16) . In cells depleted of hnRNP L (lane 3), STREX inclusion was increased to 47%, indicating that hnRNP L is a repressor of STREX exon inclusion, consistent with its cross-linking to the CaRRE1 (Fig. 1) . In these hnRNP L-depleted cells, depolarization still repressed the STREX exon inclusion (compare lanes 3  and 4) . However, the relative reduction of exon inclusion by depolarization in these hnRNP L-depleted cells (32%, with 15% of net reduction divided by 47%, lanes 3 and 4) is significantly less than that without hnRNP L depletion (45%, with 15% of net reduction divided by 33%, lanes 1 and 2) . We also analyzed the human endogenous exons of the GALNT11 and PTEN2 genes in HEK293T cells and found that the GALNT11 exon is alternatively spliced in this cell line and regulated by hnRNP L and CaMKIV (Fig. 6B) .
The GALNT11 exon is included in about 25% of transcripts in HEK293T cells when CaMKIVm is expressed (Fig.  6B, lane 1) . This level was reduced more than half by CaMKIV (lane 2). Interestingly, the reduction was abolished upon knockdown of hnRNP L with the shL plasmid (lane 3). Importantly, the CaMKIV effect was rescued by coexpressed hnRNP L-FLAG (lane 4). Therefore, hnRNP L indeed mediates CaMKIV regulation of the endogenous GALNT11 exon in HEK293T cells.
CaMKIV Enhances hnRNP L Phosphorylation and Its
Binding to CaRRE1-To determine how hnRNP L is regulated by CaMKIV, we examined both the protein expression levels and phosphorylation of hnRNP L. No significant changes in the hnRNP L total protein level by depolarization or CaMKIV were observed in GH 3 cells or HEK293T cells, respectively. However, a consistent change in hnRNP L binding to CaRRE1 and its phosphorylation with CaMKIV expression was observed (Fig. 7) .
We first examined the binding of endogenous hnRNP L to CaRRE1 with expressed CaMKIVm or CaMKIV in UV crosslinking assays (Fig. 7A) . Relative to the cross-linked PTB and the corresponding protein levels in the same gels, the hnRNP L binding to CaRRE1 in CaMKIV-expressed cells was increased about 30% without an apparent change in total protein level.
We next in vivo labeled hnRNP L-FLAG with [ 32 P]-orthophosphoric acid in HEK293T cells and immunoprecipitated it to examine its phosphorylation levels in response to CaMKIV expression (Fig. 7B) . The total hnRNP L-FLAG protein signal in the Western blot was increased about four times by CaMKIV, likely due to CaMKIV enhancement of this exogenous gene expression through its CMV promoter in the vector; however, the 32 P phosphorylation signal was increased about eight times in the same gel. Therefore, relative to its total protein signal, the level of hnRNP L-FLAG phosphorylation was doubled by the expressed CaMKIV.
To determine whether the hnRNP L phosphorylation in CaMKIV-expressed cells is critical for its binding to the CaRRE1, the HEK293T cell nuclear extract containing coexpressed hnRNP L-FLAG was pretreated with -protein phosphatase or calf intestinal alkaline phosphatase, and hnRNP L binding to CaRRE1 was examined with UV cross-linking and/or immunoprecipitation (Fig. 7C) . Relative to the loaded protein levels of the same gels/lanes, hnRNP L-FLAG binding to CaRRE1 was reduced ϳ30% by either -protein phosphatase or calf intestinal alkaline phosphatase treatment. Therefore, the hnRNP L-FLAG binding to CaRRE1 was sensitive to dephosphorylation by phosphatases. Collectively these data support that hnRNP L binding to the CaRRE1 can be regulated by CaMKIV through phosphorylation. Taken together with the above evidence, we conclude that hnRNP L is an essential component in CaMKIV-regulated alternative splicing through CA repeats.
DISCUSSION
There have been many examples of cell signal regulation of alternative splicing, but the signal-responsive RNA elements and trans-acting factors are not known in most cases. In this work, our data demonstrate that hnRNP L mediates CaMKIV repression of splicing through CA repeats in a location-dependent way, likely through phosphorylation.
CA Repeats and hnRNP L in CaMKIV-regulated SplicingThe hnRNP L binding simple (CA) Ն3 repeats with flanking A/C-rich nucleotides are sufficient to mediate the alternative splicing regulated by CaMKIV (Figs. 2-5 ). These repeat sequences do not appear similar to the CaRRE2 (GUGGUAGA) or the UAGG motif (17, 18) but share with CaRRE1 the CA dinucleotides. Compared with the simple CA repeats and the SELEX elements of hnRNP L (27) , the CaRRE1 contains three copies of CA dinucleotides and is C/A-rich (Fig. 1A) , but it also appears more complex than just CA repeats. Its consensus (CACAUN-RUUAU) contains two copies of CA dinucleotides at its 5Ј end (19) , but its 3Ј half is U-rich and appears more constrained than the 5Ј CA dinucleotides (18) . Consistently, replacing CaRRE1 with the hnRNP L high affinity CA repeat element conferred only partial response to CaMKIV, in comparison to CaRRE1 (Fig. 2) , suggesting that the non-CA nucleotides of CaRRE1 is also required for the full response. Moreover, RNAi knockdown of hnRNP L did not abolish, but potentiated, the CaRRE1-mediated CaMKIV repression of exon inclusion of the DUP175ST reporter, 3 implying that more elements/factors are involved in the CaRRE1 function than just the CA repeats and its bound hnRNP L.
hnRNP L binds long intronic CA repeats or exonic CA dinucleotide-containing elements (23, 26 -30, 51-54) . Consistent with these observations, hnRNP L binds the CA repeat RNA probes of the splicing reporters in a CA-dependent way (Figs. 1,  4, and 5) .
Interestingly, the hnRNP L high affinity sequence shows location dependence in response to both CaMKIV and hnRNP L (Figs. 2 and 3) . It confers CaMKIV repression only between 3 J. Yu and J. Xie, unpublished observation. Western blots of the hnRNP L-FLAG in the same above-corresponding gels are shown (lower gels). Endogenous PTB is also shown in the left panel. The calf intestinal alkaline phosphatase-treated samples were immunoprecipitated (IP) with anti-FLAG antibody after cross-linking to avoid interference from the 65-kDa calf intestinal alkaline phosphatase monomer in gels. The activities of the phosphatases were verified by their ability to reduce the 32 P signal of [␣-32 P]ATP-labeled protein bands in nuclear extracts. Each gel is representative of two to three experiments except the calf intestinal alkaline phosphatase gel (once).
the polypyrimidine tract and 3Ј AG or close to the 3ЈAG in the DUP175 reporters (Fig. 3) , similar to the location of CaRRE1 (16, 19) . In other reporters that allow the detection of splicing enhancer effect, the hnRNP L high affinity sequence (as in Fig.  3A , L2, L4, and L5) is a splicing enhancer when placed in introns further away from the 3Ј-splice site, 3 similarly as seen by others for CA repeat elements (27) . The underlying molecular basis of the location dependence remains unknown. Interestingly, at the 3Ј-splice site, the hnRNP L/p55 (PTB) ratio increased upon depolarization (Fig. 1B) or CaMKIV expression (Fig. 7A) , suggesting the rearrangements of hnRNP L and p55 binding during the regulation. At the other locations with different sequences flanking the CA repeats, different binding of hnRNP L and other proteins likely occurred which probably cause differential recruitment of constitutive splicing factors and, thus, a different effect on splicing.
Membrane depolarization increases the nuclear protein level of hnRNP A1 (17). We have not observed similar changes in the hnRNP L protein level in GH 3 cells. Interestingly, however, hnRNP L is phosphorylated in the presence of CaMKIV (Fig. 7 , B and C). In support of a critical role of its phosphorylation in the CaMKIV-regulated splicing, the hnRNP L binding to CaRRE1 is increased by CaMKIV and reduced by pretreatments with protein phosphatases (Fig. 7) .
Recently an hnRNP L homologue hnRNP LL has also been shown to control alternative splicing of CA-containing exons (31) (32) (33) . This protein was not immunoprecipitated from the nuclear extracts UV-cross-linked to the CaRRE1 probe in our experiments (Fig. 1) . Whether hnRNP LL is also a component in the CaMKIV-regulated splicing remains to be determined. On the other hand, it is also interesting to note that the alternative exon targets have little overlap between even closely related hnRNP proteins (55) .
Impact of the CaMKIV-regulated Splicing through CA Repeats and hnRNP L on Cell Physiology-Several possible implications are interesting for cell physiology, based on the regulation of splicing by depolarization/CaMKIV through different RNA elements including the CaRRE1 and CaRRE2 (16, 18, 19) , the UAGG motif (17) , and the CA repeats characterized here. First, CaMKIV could target different groups of alternative exons when these elements are in different groups of genes, making it possible to regulate a specific cellular function/pathway through a particular element. Second, CaMKIV could target different exons of the same gene, for example through CaRRE1 in the exon 5 and others in the exon 21 of the NMDAR1 gene (17, 18) . Third, CaMKIV could also target multiple elements in the same exon, for example CaRRE1 and -2 and possibly also the UAGG motif in the NMDAR1 exon 21 (17, 18) . Last, because Ca 2ϩ signaling can be activated by different stimuli with distinct effects on gene expression (56), these different elements provide potential targets for specific responses to individual stimulus during splicing. Taken together with the spatial and temporal expression of trans-acting factors, the existence of multiple depolarization/CaMKIV-responsive elements provides diverse targets, likely for the specific and refined control of splicing in response to different stimuli.
At present, the exons containing these CaRRE elements from genome or alternative exon data base searches are mostly not overlapping. For the CA repeats, data base search identified exons of genes involved in cell survival/death; for example, the PTEN2 gene encoding a protein homologue of the tumor suppressor PTEN (57, 58) . These are not among the CaRRE1 and -2 or the UAGG motif target genes identified previously (17) (18) (19) . Taken together (the multiple depolarization/CaMKIV-responsive elements in NMDAR1 exons and the distinct target exons from genome searches with different elements) further work to obtain a complete set of the specific and common target exons of each element will allow a more accurate assessment of the physiological impact of the regulations.
In summary, these experiments identify hnRNP L as an essential factor mediating membrane depolarization/CaMKIVregulated alternative splicing through short CA repeat elements at or in close proximity to the 3Ј-splice site. This provides a molecular target for dissecting the components between CaMKIV and the splicing factor as well as the molecular basis of location-dependence of protein kinase-regulated splicing.
